ABSTRACT Aiming at the chaos problem of permanent magnet linear synchronous motor in direct-drive wave power generation system, based on the ideal chaotic model with increased rotor edge effect, the permanent magnet linear synchronous motor system chaotic system was analyzed and a new sliding mode compound chaos control strategy was proposed. This strategy compensates for the shortcomings of the sliding mode control lag and chattering by using the complementary advantages of compound control, and can correct system parameters in real time. By using Lyapunov stability criterion, it was proved that the global convergence of the system is consistent. The simulation results show that the composite chaos control strategy can rapidly disengage the chaotic state of the motor system, suppress system chattering, weaken the control overshoot phenomenon, and has strong robustness and high control precision.
I. INTRODUCTION
Nowadays, with the sharp reduction of primary energy and the increasing awareness of environmental protection, renewable clean energy has received a great deal of attention [1] , [2] . Ocean wave energy, which is a kind of clean energy with high power density and strong predictability, has earned widespread concern in the industry and research [3] , [4] . The direct-drive wave power generation system is the simplest and most widely used in the mainstream wave power generation system in the four major wave power generation systems [5] - [7] , in which the Permanent Magnet Linear Synchronous Motor System(PMLSM), which has a simple system structure that eliminates the intermediate transmission structure and improves system energy conversion efficiency [8] , [9] , has a far-reaching research significance and a broad application prospect in the field of wave power generation.(direct drive wave power generation principle is shown in Fig. 1 ). According to the relevant literature, under the condition of certain parameters, the motor system will exhibit chaotic characteristics such as rotational speed, violent oscillating torque, unstable control performance and irregular electromagnetic noise [10] . The environment of direct-drive wave power generation system is very variable, which increases the probability of PMLSM chaos. There are few researches on the chaos phenomenon of the PMLSM system at present [11] , but due to the similarity of the structure, the chaos study of the PMLSM is compared with the mature chaotic system of the permanent magnet synchronous motor [12] .
In recent years, Chaos control of permanent magnet synchronous motor has been extensively studied. Regarding the theory of synchronization of chaotic systems, Reference [13] utilized the activation feedback method to effectively achieve synchronization of a class of fractional-order chaotic systems. Reference [14] proposed a new approach for constructing chaotically projective synchronization, which realized the projection synchronization of multi-chaotic systems. Reference [15] theoretically studied the dynamic behavior of fractional-order Liu systems and achieved the coupling synchronization of two identical fractional-order chaotic systems. All of the above documents have obvious innovation and practicability in chaotic synchronization theory, and have profound implications for the subsequent chaos analysis. For instance, based on the Brunovsky standard permanent magnet motor chaos model, literature [16] uses the extended state observer to optimize the sliding mode chaos control, cancels the full measurable limit of all system states, and expands the system unknown state and uncertainty. Enhance the robustness of the system, and the results have certain advantages. The OFNSMC scheme proposed in the paper [17] dynamically estimates the unknown chaotic system, and the robustness is strong. The method is worth learning. Reference [18] used the non-singular fast terminal sliding mode chaos control method to suppress the chaotic phenomenon of the permanent magnet synchronous motor during operation, weakened the dependence on the speed sensor, and achieved a certain degree of instability for the internal parameters of the motor. Therefore, it realizes the chaos control of the permanent magnet synchronous motor system, but it is slow for the system to get out of chaos, and chattering phenomenon still exists after reaching stability. In order to improve the control precision and dynamic performance of BPMSM, a novel control scheme combining internal model control and the inverse system method is proposed in [19] . The decoupled pseudo-current system has higher control precision and has a profound impact on the linear motor model. Coincidentally, another paper [20] proposed a BPMSM-based decoupling scheme, which uses the internal controllers of NNI and DOF to improve the static performance of the effectively system. Reference [21] combined with the backstepping control method and the fuzzy logic system with approximate unknown nonlinear problems, the chaos in the permanent magnet synchronous motor drive system is suppressed. Compared with traditional methods, the scheme in [21] has certain advantages, but its effect is unobvious. Applying a linear feedback controller based on inverse optimal control method, reference [22] avoids a lot of calculations and can make the controller tend to be stable. By optimizing the parameters of the ADRC controller, literature [23] improves the weed chaos control algorithm of the permanent magnet synchronous linear motor system. After the chaotic reverse learning initialization method and the spatial distribution of the Cauchy distribution, the robustness of this improved weed algorithm has been improved. In the paper [24] , [25] , [26] and [27] , respectively, feedback control method, adaptive feedback control, optimal control technique based on HJB equation and a chaos control which puts forward by an external sinusoidal dither signal were applied to control the chaos of PMSM, above schemes have their own advantages and disadvantages and have great reference significance. Aiming at the time-varying and strong coupling of permanent magnet synchronous linear motor systems, paper [28] proposed a Drosophila-frog leap control algorithm. The algorithm can adjust the structural parameters of the optimization system in real time, and the response is rapid, but it is easy to fall into local optimum. However, to the best of our knowledge, Few studies have analyzed PMLSM chaos. Motivated by the previous, the object of this paper brief is to analyze the chaotic motion of the PMLSM system and find an appropriate and applicable method for controlling chaos in PMSM system.
In order to solve the problem-PMLSM system operating unstably caused by the chatic problem like the rotational speed, torque, and current. This paper uses an analogy method to model the chaotic model of the PMLSM. By analyzing the inherent characteristics of the permanent magnet linear synchronous motor, a corresponding edge effect chaos module is established. Considering the advantages and disadvantages of the above methods, the permanent magnet linear synchronous motor model with the addition of the chaotic module with inherent characteristics is analyzed, controlled and optimized, and online prediction, on-line tracking and on-line modification of parameters are performed, and finally the stability analysis is performed. Simulations on MATLAB / Simulink platform show that the proposed system can reduce the chattering problem on the premise of ensuring the accuracy and fast response of the system, which makes the system have strong robustness and can quickly get rid of the chaotic state to achieve stability and uniform convergence.
The body of this paper is organized as follows. The edge effect will be analyzed and modeled, and the chaotic modeling of PMLSM will be deduced mathematically in Section II to prove the intrinsic relationship of chaos. Then, the chaotic state of the proposed model and the influence of the edge effect in the chaotic state are analyzed in Section III to show the necessity of considering the edge effect. Section IV a detailed hybrid chaotic controller design is performed, including basic control rates and optimization strategies. To verify the superiority, simulations are compared with other control in the end of IV section. Finally, a conclusion is drawn in Section V.
II. CHAOS MODEL OF THE PMLSM A. END EFFECT FORCE MODEL OF PMLSM
Due to the high degree of similarity with the structure of the permanent magnet synchronous motor, the PMLSM has a mathematical model close to the permanent magnet synchronous motor. Its structure is shown in Fig. 2 .
The core of the permanent magnet synchronous motor constitutes a closed magnetic circuit of a circular ring shape, and the magnetic circuit at both ends of the stator core of the PMLSM cannot constitute a closed loop by itself. The core VOLUME 6, 2018 and the windings placed in the slots are not continuous at both ends which causes that the mutual inductance between the phases is not equal, resulting in no symmetrical three-phase current after inputting the symmetrical three-phase voltage and it not only forms a normal operation of the motor system the required positive-sequence traveling wave magnetic field also forms a negative-sequence traveling-wave magnetic field and a zero-sequence pulsating magnetic field that will generate resistance and increase additional losses in the operation of the motor system. The characteristic of magnetic field distortion caused by structural characteristics makes PMLSM produce some intrinsic characteristics, among which the major feature of the PMLSM model is the edge effect, which is one of the reasons why the PMLSM system enters the chaotic state [29] . The edge effect can be divided into two kinds: the lateral edge effect and the longitudinal edge effect.
The lateral edge effect is due to the fact that the secondary of the PMLSM is generally wider than the primary, and therefore a lateral edge effect force is generated. Lateral edge effect forces increase the secondary resistivity and produce unstable eccentric forces at the secondary.
The longitudinal edge effect is mainly caused by the special magnetic phenomenon generated by the magnetic field interaction between the finite length primary and the longer secondary. When the relative motion occurs between the primary and the secondary, the distribution of the air-gap flux density is periodically distorted, which increases the asymmetry of the flux linkage. This not only increases the parasitic loss of the PMLSM system, but also reduces the efficiency of the PMLSM system, which creates a fluctuation of the driving force.
Because the edge effect disturbance is a periodic disturbance, and the dynamic characteristics can not be measured accurately, the mathematical model is simplified by experimental analysis. The mathematical model is [30] :
in where F df -the motor edge effect resistance, F dfmedge effect resistance fluctuation amplitude, s -is the linear displacement of the mover, θ 0 -initial phase electrical angle.
During the operation of the PMLSM system, the disturbance caused by the edge effect force will greatly affect the operating performance of the entire motor system, and then the PMLSM system will enter the chaotic operation state. Therefore, it is very necessary to consider the edge effect model.
B. THE CHAOS SYSTEM OF PMLSM
The stator winding of PMLSM is fixed and generates traveling wave magnetic field under the action of three-phase alternating current. It interacts with the permanent magnet device to generate electromagnetic torque to drive the mover to make a linear motion. The direction of the motion is opposite to that of the traveling wave magnetic field. Because the PMLSM core is open and cannot form a closed magnetic circuit, the uneven magnetic field distribution leads to the edge effect, and the ambient temperature rise and the saturation of the magnetic circuit all affect the motor parameters. To establish a PMLSM mathematical model, suppose [31] :
1) The core is not saturated; 2) Ignore the eddy current loss of PMLSM; 3) There are no damper windings on the mover and the permanent magnet; 4) Only the fundamental magnetic potential is considered and the back EMF is sinusoidal. Under the above assumptions, using the following coordinate transformation matrix 1, the PMLSM that considers the edge effect simplifies the mathematical model [32] and converts from the ABC coordinate system to the d-q coordinate system:
In order to construct the Lorentz equation of the classical chaotic model, the affine transformation and time scale transformation of equation 3 are performed on the transformed coordinate mathematical model:
Where
The converted equation 5 can be obtained:
is pole pitch, f is effective flux of permanent magnet, F Lf is motor load resistance,
Affine transformations and time-scale transformations are linear transformations, and the system properties do not change before and after transformation. To simplify the description and ignore the superscript, the PMLSM chaotic model becomes:
III. CHAOTIC ANALYSIS OF PMLSM A. THE CALCULATION OF THE LARGEST LYAPUNOV EXPONENT
As one of the three major theoretical achievements of the 20th century, the chaotic model has inherent randomness and overall boundedness [33] , [34] . According to the theory, the chaotic system is highly sensitive to the initial values, and the minimum initial value difference has a huge impact on its trajectory [35] . Therefore, some indicators need to be determined for the system, among which the Lyapunov exponent is more effective than other criteria [36] . This index represents the average exponential rate of divergence (separation) between adjacent trajectories in the system phase space. According to the description of the chaotic model, the chaotic model will have at least one positive Lyapunov exponent, so only the largest Lyapunov exponent can be found to determine whether the system is chaotic.
After comparison, the algorithm proposed by Wolf et al. is understood easily and has easy accessibility [37] . Define the largest Lyapunov exponent calculation as:
Where τ is the integration step size, n is the integration number, and d 0 is the initial spacing between adjacent trajectories. If the space between adjacent lines increases with time, the system will appear chaotic.
B. CHAOTIC ANALYSIS OF PMLSM SYSTEM
According to the definition, the procedure of the largest Lyapunov exponent is written, and the results of the largest Lyapunov exponent under different σ and γ conditions are calculated. The calculation result is shown in Fig. 3:   FIGURE 3 . Largest lyapunov exponents under arbitrary σ and γ parameters of PMLSM.
In this paper, the chaos model of permanent magnet linear synchronous motor based on Matlab/Simulink simulation tool is established to verify the above-mentioned chaotic control system. From Fig. 3 , it can be seen that the σ parameter has a greater influence on whether the PMLSM system enters the chaotic state. It is found that the σ parameter is near the other parameter γ = 10 and the minimum critical value is obtained, which is about 5. In this conclusion, different system parameters are selected, the corresponding maximum Lyapunov exponent ε is calculated, and chaotic state simulation is performed. The result is shown in Fig. 4 .
In this paper, when constructing the chaotic system of permanent magnet synchronous linear motor, the edge effect force chaos module is added to analyze the influence of the edge effect on the chaotic phase response when the motor system enters chaos (as shown in Fig. 5, Fig. 6 and Fig. 7) . Considering that the larger part of the wave is in a calm state, its output power is low and small [38] , but its power change is very large in special weather [39] , [40] . Therefore, this experiment uses the calm wave output power as the base value [41] , and has done a doubling input experiment (respectively 1 times, 10 2 times, 10 4 times, and 10 6 times).
The edge effect has a great influence on the calm wave input which accounted for most of the time, and the chaotic system is very sensitive to the initial value. A very slight change in the initial value may cause a significant change in the waveform (as Fig. 6(c) and Fig. 6(d) . Obviously, the edge effect factors have a great influence on the wave power generation, not only reducing the energy conversion efficiency, but also possibly increasing the chaotic operation state of the motor system. Therefore, when considering the permanent magnet synchronous linear motor chaos model, it is very important to consider the edge effect.
IV. CONTROLLING CHAOS IN PMLSM BY BLENDED CHAOS CONTROL A. STATE FEEDBACK DECOUPLING CONTROLLER
The state decoupling system is shown in Fig. 8 , and the decoupling of the system is performed by constructing the input transformation matrix F and the state feedback matrix K [42] .
For the coupling relationship between the d-axis and q-axis currents in equation 6, a matrix column write of the equation of state can be obtained:
Take the d-axis and q-axis currents as output, denoted as matrix Y : Where
Decoupling using state feedback, constructing state feedback matrix F and matrix K . Derivation based on classical control theory, structural state feedback matrix is as follows:
And further obtain the system state equation with decoupled controller:İ
Combining equations 8-11, a preliminary simplification of the PMLSM state equations for the decoupling of the d-axis and q-axis can be performed and a chaotic model can be obtained.
In order not to confuse the d-q axis voltage of the input motor with the input decoupling control signal, the input 
B. CONTROLLER DESIGN
The blended chaos controller selects the sliding mode control as the core foundation. The basic idea of the sliding mode design method is to first reduce the system to a subsystem that is not higher than the original system order, and then sets the intermediate virtual with the Lyapunov function for the subsystem. The quantity, and then derived the control of the whole system, the summary set completed by the narrative function is the sliding mode chaos control law.
Through the Section IV-A, the third-order system state model of the permanent magnet linear motor can be reduced to the first-order and second-order compound systems. By controlling u d and u q , d-axis and q-axis currents and linear velocity can be brought close to a stable value.
Set the expected values i * d , v * , which are the expected values of d-axis current expected value and linear velocity in equation (12) . Usually, for convenience of control, the d-axis current expected i * d is set as a constant. Define the following tracking error e d , e v and tracking error dynamic equation 
and
First, the equation of state is constructed for ed in equations 13 and 14. Define
is plus VOLUME 6, 2018 disturbance, and design sliding mode function:
Where c d must satisfy the Hurwitz condition, so c d > 0. Constructing Lyapunov functions:
Substituting equation 15 for equation 16, then derivative:
Obtained sliding mode control rate:
where 
Constructing Lyapunov functions:
Substituting equations 19 for equation 20, then derivative:
Selecting the exponential reaching law based on the above formula to design the sliding mode control rate:
where k v > 0, η v > 0. Calculation shows λ v > 0,λ < 0, the u v control subsystem is stable and completes the control module for line speed v.
Under the control of equations 18 and 22, the state equation for building a virtual control system is:
From equation 23, construct the following Lyapunov function:
Derivatives the above formula and substitute 23:
After theoretical verification, under the influence of appropriate control quantities u * d and u * q , PMLSM can be separated from the chaotic state to achieve tracking speed and current, and make the speed and current tend to be stable.
C. PARAMETER OPTIMIZATION
In order to solve the problem that some parameters of PMLSM are uncertain, the blended chaotic controller is designed to track and adjust unknown parameters. Assuming that both γ and F f in equation 12 are unknown parameters, the estimated values areF f andγ , and their estimated errors are:
Substituting equation 26 into 19:
Where v 2 (t) is the remainder of v 1 (t) that does not contain F f and γ . In order to makeγ v < 0, construct virtual control quantities e 1 and e 2 , defined as:
Derive the dynamic equations of e 1 and e 2 as:
Further deduced adaptive parametersḞ f andγ are:
Where k F and k γ are control gains, k F , k γ > 0. The parameters can be updated online in real time according to this adaptation rate. The b * (t) of the updated control law is:
Under the control of the control law b * (t), γ v > 0,γ v < 0, the u v control subsystem is stable, and it is verified that the sliding mode backstepping adaptive system can control the PMLSM chaotic state and can predict and adjust its parameters online.
D. NUMERICAL ANALYSIS
From Fig. 9 , we can see that the composite sliding mode control and adaptive sliding mode control can make the motor out of chaos, but the composite sliding mode control response curve is better, the response is more rapid, and the overshoot and chattering are suppressed.
V. CONCLUSION
By establishing a permanent magnet linear synchronous motor model with an edge effect module, the chaotic phenomenon in the motor performance is verified, the influence of the edge effect on the operation of the motor system in the wave application is analyzed, and a compound sliding mode chaos control strategy is proposed. The stability analysis theory is proposed. The overall stability of the system was confirmed. For a single control method, a compound control rate is added and online real-time prediction conducted and system parameters are updated, thus reducing parameter dependence. The model simulation verified that the composite chaos control can quickly disengage the motor system from the chaotic state, restrain system chattering, weaken the control overshoot phenomenon, and have stronger robustness and high control accuracy. Future work may involve more complex marine environment simulations and more sophisticated internal modeling of permanent magnet synchronous linear motors. It also involves the combination of intelligent algorithms and this control strategy so that full parameter values can be found to be globally optimal for the environment based on training.
